The main objective of this study is to demonstrate the strength of the combinatorial approach to rapidly and effectively identify suitable process parameters for the synthesis of AgFeO 2 films with layered delafossite structure. (00l)-textured delafossite AgFeO 2 thin films have been successfully deposited for the first time without postannealing by magnetron sputtering from elemental silver and iron targets in a reactive Ar-O 2 atmosphere. Gradient films with a wide composition range were deposited on single wafers and subsequent screenings of phaseand chemical compositions were employed to optimize process parameters. The optimum deposition temperature for single-phase AgFeO 2 growth was 450°C using a Ag target powered at 15 W with a pulsing frequency of 150 kHz and a Fe target powered at constant 120 W at a total pressure of 4 mTorr and a O 2 partial pressure of 0.8 mTorr. Selected films were studied with scanning electron microcopy (SEM), transmission electron microscopy (TEM) and Raman spectroscopy. The optical band gap for the indirect transition in the AgFeO 2 film was determined to 1.7 ± 0.1 eV, and the band gap for the direct transition was 2.5 ± 0.1 eV. The film showed insulating electrical properties.
Introduction
Delafossites are a large family of compounds with a general formula ABO 2 . Typically, the monovalent A cation consists of a metal from group 8 or 9 (Pd, Pt, Ag, or Cu), while the trivalent B cation can be metals in groups 3 and 13 (e.g. Sc, Y, La, Al, Ga, In, and Tl) or transition metals such as Cr, Mn, Fe, Co, and Ni [1] [2] [3] [4] . Many of the interesting properties of delafossites are related to the crystal structure with alternating planar layers of A atoms separated by slightly distorted edge-sharing B 3+ O 6 octahedra. Two different polytypes with a hexagonal or a rhombohedral structure can be formed depending on the stacking order of the layers. Consequently, the delafossites can be described as natural nanolaminates with a large design possibility depending on the choice of A and B atoms. The delafossites can be divided into two groups depending on the electronic configuration of the A element. Compounds where the Acation have a d 10 electronic configuration, such as Cu and Ag, exhibit semiconducting or insulating electrical behavior [2, 3, 5] , while phases with A_Pt and Pd, are metallic with high conductivity. PdCoO 2 is the most conductive oxide known so far with an electrical resistivity in the ab-plane of 4.69 μΩ cm at room temperature, which is less than for pure Pd [6] . Although delafossite-structured materials have been known for 140 years, the research interest in this type of materials has increased after the first report on the preparation of transparent p-type CuAlO 2 thin films by Kawazoe and co-workers in 1997 [7] . This opened up the possibility to use delafossites as transparent conducting oxides (TCOs), since p-type TCOs are required in many practical applications based on p-n junctions. Since then, delafossites, especially those based on Cu and Ag, have received considerable attention owing to their potential applications as e.g. p-type TCOs [8] [9] [10] [11] , photocatalysts [12] [13] [14] [15] , anode material for Libatteries [16] , thermoelectrical materials [17] [18] [19] , and gas sensor [20] . Recently, high temperature superconductivity was also suggested for doped members of this type of oxide compounds [21] . The potential use of delafossites as e.g. TCOs requires reproducible techniques to produce well-defined thin films. Copper-based delafossite thin films have been studied by pulse laser deposition (PLD) [7, [22] [23] [24] , sol-gel methods [25, 26] , RF-sputtering using pre-sintered compound target [8] , and in a few cases, reactive sputtering with high temperature post-annealing (≥700°C) [27, 28] . To our knowledge, however, no studies have previously been published on silver-based delafossite films deposited directly by magnetron sputtering. The main challenge is that the silver-based delafossites tend to decompose at high temperature (≥500°C). Furthermore, the synthesis of Ag-based delafossites by reactive sputtering is also expected to be restricted to a narrow processing window, making it difficult to optimize the process. This challenge can be overcome by using an approach based on combinatorial materials 
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science where films with large composition gradients can be deposited in a few experiments. This enables a rapid discovery and optimization of new or known materials by creating a "library" of compositionstructure-property relationships. Critical parameters for optimal process conditions can then rapidly be established and implemented.
The main objective of this study is to demonstrate the strength of the combinatorial approach to rapidly and effectively identify suitable process parameters for the synthesis of AgFeO 2 films with layered delafossite structure. The deposited gradient films have been characterized with a set of automatic analysis equipment such as X-ray diffraction (XRD) and X-ray fluorescence (XRF) to rapidly obtain information on phase-and chemical composition. The microstructures of the selected thin films have been studied by scanning electron microcopy (SEM), transmission electron microscopy (TEM) and Raman spectroscopy. The optical and electrical properties of the optimal thin film with AgFeO 2 structure have been investigated.
Materials and methods
Films with continuous compositional gradient were deposited in a custom-built combinatorial magnetron sputtering system integrated with an ultra-high vacuum chamber (base pressure below 10 − 8 mTorr). The system has a sputtering-up configuration, with a nonrotating substrate located above the targets. Ag and Fe were sputtered from two elemental 3″ targets (claimed purity 99.99%) tilted at 39°rel-ative to the substrate normal and with a distance of 175 mm from the substrate center. This design together with a nonrotating substrate allows for the deposition of films with a continuous compositional gradient. The films were deposited on: 3″ p-doped single-crystal Si (100) wafers and amorphous quartz. Prior to deposition, the substrates were degassed for 30 min at 600°C. No bias was applied on the substrates, which were kept at floating potential during the synthesis process. The deposition temperature used for all combinatorial deposition experiments was 450°C, calibrated by a Mikron M90-0 infrared pyrometer using a Ti thin film (emissivity = 0.19) coated Si wafer. The Ar gas was inserted into the chamber close to the targets with a flow rate of 10 or 20 sccm. The reactive gas O 2 was side-filled into the chamber at different flow rates (2-7 sccm). The working pressure for deposition was adjusted using a throttle valve regulator between the chamber and the turbo pump. A constant DC power supply (Ion 1500, Material Science Inc.) connected to the water-cooled magnetron was set to 120 W for the Fe target and a pulsed-dc power supply (ENI RPG-50) with different powers and frequencies was connected to the Ag target. However, the pulse factor (the length of the pulse on period per cycle) was fixed to 1616 ns. After pre-sputtering of the targets for 10 min to remove contaminants, both target shutters were opened for combinatorial deposition during 60 min. A series of conventional reactive magnetron sputtering experiments were also tested in a commercial Kurt J Lesker custom-built sputtering system in the temperature range 20-600°C for a number of different process parameters.
The phase composition of the gradient films were investigated with θ-2θ scans of X-ray diffraction (XRD) on a Bruker D8 DISCOVER X-ray Diffractometer using a CuKα radiation (λ = 1.54060 Å). The X-ray beam was line focused with size of approximately 12-15 mm long and 0.5 mm wide. The Bruker D8 Diffractometer equipped with an automatic system on the sample holder stage, which enabled it to automatically scan different positions on the whole wafer. The short side of the X-ray beam was used to scan the phase along the gradient direction. In order to obtain an overall view on the peaks distribution on the whole wafer, a 2D map can be constructed easily by the software EVA showing the peak intensity as a function of 2θ and position on the wafer, where the peak intensity can be labeled by different colors. Using the 2D map, the phase distribution over the whole wafer with a compositional gradient can be easily observed. The crystalline phase of the thin films deposited by conventional sputtering was investigated by a grazing incidence XRD (GI-XRD), using a Siemens D5000 with parallel beam geometry and an incidence angle of 2°.
The composition ratios of Ag/Fe of the samples were examined by X-ray fluorescence (XRF) in a PANalytical Epsilon 5 instrument with an automatic system, which enables it to automatically scan many samples in a single batch. All the samples were masked to give a diameter of 1 cm of analysis area. The intensity of the emitted X-ray from the specific element is assumed to be proportional to the number of the specific atom present in the sample, which can be quantitatively compared with reference samples with known thickness and density. The thickness and the density of the reference Ag and Fe samples were estimated by X-ray reflectivity (XRR) measurement, carried out in a Philips MRD X'Pert diffractometer with Cu K α radiation. A pole figure measurement was performed in a Philips MRD X'Pert diffractometer using poly-capillary lens. The 2θ-angle was set as 34.8201°, which is the desired (101) peak in hexagonal AgFeO 2 structure. Microscopy studies were carried out on selected films, using a Zeiss LEO 1550 scanning electron microscope (SEM) with a field emission gun as the electron source and an acceleration voltage of 10 kV. Raman spectroscopy was carried out on a selected gradient film deposited on pdoped Si substrate using a red laser light (λ = 514 nm) in a Renishaw Invia-Raman spectroscope. The transmission electron microscopy (TEM) studies were investigated in a Tecnai F30ST TEM from FEI Company operated at 300 kV on thin samples extracted from the deposited AgFeO 2 coatings using the focused ion beam (FIB) in-situ lift-out method, followed by a low-voltage polishing stage at 5 kV using Gallium ions. Energy Filtered TEM (EFTEM) chemical maps were acquired using a Tridiem Gatan Image Filter (GIF) by Gatan Inc. Compositional EFTEM maps were generated using the three-window method on the Ag, O, and Fe energy loss edges utilizing a 10 eV slit width. An investigation of the Fe ionization edge was acquired with Electron Energy Loss Spectroscopy (EELS).
The optical properties of a film with AgFeO 2 structure deposited on a quartz glass substrate were measured by means of a Lambda 900 UV-VIS-NIR PerkinElmer spectrophotometer. Electrical resistivity measurements were carried out on films deposited on quartz glass substrate using a four-point-probe measurement technique with a CMT-SR2000N equipment from Advanced Instrument Technology (AIT).
Results and discussion
Optimizing the deposition parameters
In a series of initial experiments, attempts were made to deposit films with the delafossite structure in a conventional pulsed DC magnetron sputtering equipment. It was found that many parameters such as target power, pulse frequency, deposition temperature, total pressure, O 2 partial pressure influenced the deposition process. It is an even more complex process to do co-sputtering using two materials with different reactivity in a reactive atmosphere which should grow single phase with particular composition and structure. Our initial studies showed that a pulsed DC process on the Ag target was favorable for AgFeO 2 growth. Almost no AgFeO 2 peaks but only a strong background was observed in XRD when no pulsed power supply was connected to the targets. Fig. 1 shows the influence of deposition temperature for a specific set-up of process parameters. Since the thin films deposited by the conventional sputtering are very thin (≤30 nm), they were measured by the GI-XRD method, which is very typical method to characterize thin films with exclusion of substrate information. As can be seen, the films deposited at low temperatures (≤ 400°C) have XRD peaks matching δ-AgFeO 2 with a hexagonal structure (2H-delafossite) [29] . There is also a strong background indicating the formation of an amorphous phase. At higher temperatures (≥500°C), Ag was observed in the diffractograms. Consequently, it was concluded that 400-500°C is a good temperature range for synthesis of crystalline delafossite AgFeO 2 thin film. However, it was very challenging to further optimize the process using conventional sputtering since also small changes in other parameters, such as pulsing frequency, target power, and pressures, dramatically changed the phase composition. In many cases, no AgFeO 2 was observed in XRD.
As stated above, the processing window for AgFeO 2 growth is very narrow. We therefore use a combinatorial approach with gradient films. In such an approach, we obtain a large number of compositions in a single experiment, thereby reducing the total number of experiments needed to optimize the process. From the results obtained in the conventional process described above we have identified a few important process parameters. In the following we will show a systematic study on the influence of pulsing frequency, Ag target power, total pressure, and O 2 pressure. All experiments were carried out at 450°C selected from the results in Fig. 1 .
The first step in our optimization study was to determine an optimum pulsing frequency. The Fe target is more easily oxidized resulting in very low deposition rate. On the other hand, the sputtering yield of Ag is generally much higher than Fe. In order to get Ag/Fe ratio close to one, the pulsing was thus only applied to the Ag target to reduce the deposition rate of Ag. Furthermore, it could be more strategic to fix some of the parameters as constant during the optimization process. Therefore, the power of the Fe target was set to 120 W without any pulsing, while the Ag target was kept at 15 W and the pulse frequency was changed from 0 kHz (constant) to 200 kHz. The Ag/Fe content and structure were analyzed with XRF and XRD respectively. As shown in Fig. 2a , without using a pulsed process (0 kHz), the Ag/Fe ratio on the entire wafer was much higher than one, making it impossible to form single-phase films of AgFeO 2 . The Ag/Fe ratio can be reduced dramatically by increasing the pulse frequency. At 100 kHz, the Ag/Fe ratio varies from about one to four going from the most Fe-rich part of the wafer to the more Ag-rich areas. At 150 kHz, the entire wafer gave films with a Ag/Fe ratio close to one, while all films exhibited a Fe/Ag ratio b1 at 200 kHz. It should be noticed that the Ag/Fe ratios were measured with XRF using elemental Ag and Fe reference samples, which could have deviations due to matrix effects in the ZAF calibration. However, the XRF results provide good estimates as well as trend of Ag/Fe ratios depending on varied sputtering process parameters. Combined with the phase analysis from the XRD results, the XRF measurements provide a possibility to study the effect from different processing parameters.
The θ-2θ scan of XRD is an effective method to characterize highly textured films, which is a feature of the layered delafossite structures that we are trying to synthesize. The following XRD results are thus measured by the θ-2θ scans of XRD. Fig. 2b ) shows the diffractograms from films deposited by the combinatorial sputtering method at different positions of the wafer deposited at 0 kHz. To get an overview of the results, a 2D map can be easily constructed by the software EVA showing the intensity as a function of 2θ and position on the wafer, shown in Fig. 2c-f ). The 2D XRD map from the 0 kHz experiment in Fig. 2c shows some (00l) peaks of AgFeO 2 and two fcc-structured Ag peaks (111) and (200) on the Fe-rich side. This suggests that a small amount of highly textured AgFeO 2 is formed at the area with the lowest Ag/Fe ratio. In addition, several peaks from silver oxides can be observed on the entire wafer, for example, cubic Ag 2 O peaks (110), (111), (200), (220) [30] and a weak hexagonal Ag 2 O peak (100) [31] . The weak peak at 34.1°c ould be assigned to the (002) plane of monoclinic AgO phase [31, 32] . Another two weak peaks at 18.8°and 19.3°with unknown structure can be observed on the entire wafer as well. Moreover, the high background with pink color indicates the existence of an amorphous phase with unknown composition. At 100 kHz, the intensity of the Ag and Ag 2 O peaks are reduced and the diffractograms are now dominated by the (00l) peaks of AgFeO 2 . The intensity of the background originating from an amorphous phase is also reduced. When the pulsed frequency is increased to 150 kHz, the AgFeO 2 (00l) peaks were observed almost over the entire wafer, especially at the Ag-rich side, where the strongest and sharpest peaks were found. No Ag and Ag 2 O peaks were observed at this pulse frequency and the intensity of the amorphous background was very low. At 200 kHz, the crystalline quality of the film is strongly reduced. Compared to 150 kHz, the (00l) peaks of AgFeO 2 are much broader and the intensity of the background increases strongly. This suggests a large increase in the amount of amorphous phase in the film. This is most likely because that the too low Ag/Fe ratio b1 at 200 kHz. Consequently, 150 kHz is identified as the optimal pulsing frequency. The information of the peaks in the films is summarized in Table 1 .
Since only (00l) peaks are observed in the diffractograms, it can be concluded that the deposited AgFeO 2 phase is highly textured along the c-axis. There are two polytypes of the delafossite structure: the rhombohedral 3R with space group R3m and the hexagonal 2H with space group P6 3 /mmc, which differs on the stacking order of the alternating layers [29, 33, 34] . The lattice parameters of the 3R-AgFeO 2 phase is, a = b = 3.041 Å, c = 18,550 Å [35] , while the 2H phase has a = b = 3.039 Å and c = 12.395 Å [29] . The (00l) peaks of 3R-and 2H-type overlap and the peaks observed in our diffractograms could then be attributed as (002), (004), (006), and (008) if they originate from the 2H phase, or (003), (006), (009), and (0012) if we have the 3R phase, respectively. Since, the two phases cannot be distinguished in diffractograms showing only (00l) peaks, we cannot specify the structure of the AgFeO 2 phase. As will be shown below, however, a more detailed analysis with a pole figure on a selected sample suggests that most of the film consists of 2H-AgFeO 2 .
The decrease in Ag/Fe content in the films with increased pulse frequency is due to the decrease in deposition rate of Ag. A comparison of films deposited without pulsing of the Ag target but with a lower power resulted in broad AgFeO 2 (00l) peaks with much less intensity together with strong background and Ag peaks. Comparing with the constant DC sputtering, it has been reported that the pulsing of the sputtering target increase the number of energetic particles and ion flux at the substrate, due to the increased plasma density caused by higher current density in the pulses [36] . This also can be confirmed by the voltage and current evolution that the voltage of the Ag target decreased and the current of the Ag target increased with increasing frequency (not shown here). In non-reactive sputtering, a fixed on-time results in a higher deposition rate for higher frequency. However, in reactive sputtering, this may not the case. A higher frequency causes a lower power during each pulse to ensure constant total power. As a consequence of this, the target surface may be more metallic at lower frequency, resulting in a higher deposition rate. By adjusting the pulse frequency, it is consequently possible to change the flux of energetic particles as well as the deposition rate and thereby change the structure and properties of the growing film.
The power on the Ag target is another important parameter for tuning of the Ag deposition rate and thus affecting the composition and structure of the films. This was investigated by comparing the composition ratio of Ag/Fe and the 2D-view XRD maps of the gradient films deposited at varied powers on the Ag target at150 kHz pulsing frequency under an O 2 partial pressure of 0.5 mTorr. The total pressure in these experiments was 2 mTorr. As can be seen in Fig. 3a, 9 W applied on the Ag target was too low for deposition of stoichiometric AgFeO 2 . The Ag/ Fe ratio was only 0.3 at the Ag-rich end and as low as 0.1 at the Ferich end. The 2D-XRD map in Fig. 3b shows only AgFeO 2 (00l) peaks on the Ag-rich part, but a with strong background intensity from an amorphous phase over the entire wafer at 9 W. When the power on the Ag target was increased to 15 W, the Ag/Fe ratio on the Ag-rich end increased to 0.7 but was as low as 0.3 on the Fe-rich end. As shown in Fig. 3c , AgFeO 2 (00l) peaks were observed in the entire 2D-XRD map with extra peaks from silver oxides and a strong background intensity from amorphous phases. When the Ag power was increased to 20 W, the Ag/Fe ratio range on the gradient wafer was approximately 0.4-1.3. AgFeO 2 (00l) peaks were observed on the Fe-rich part of the wafer but with an even stronger background and other peaks from silver oxides (Fig. 3d) . Therefore, it could be concluded that the optimal power on Ag target when using 150 KHz pulsing frequency should be in the range 10-20 W but that more amorphous phase is formed at 20 W. It can be seen obviously that higher power of Ag gives higher deposition rate of Ag. From the XRD maps shown in Fig. 3b-d , it is seen that the relative intensity of amorphous phases increases with increasing Ag power. The reason for this is that too high deposition rate does not provide enough time for the particles to diffuse and find equilibrium condition to form the crystalline structure. However, too slow deposition rate is not preferable for time and cost-consuming reasons. Therefore, from the results shown in Fig. 3 , it can be concluded that, a total pressure of 2 mTorr and an O 2 partial pressure of 0.5 mTorr is not favorable to obtain single phase AgFeO 2 thin film.
The composition and phase structure are also sensitive to the total pressure. This was investigated by increasing the total pressure from 2 mTorr to 4 mTorr. As can be seen in Fig. 4a , the quality of the film is strongly improved at 4 mTorr for a power of 15 W on the Ag target compared to a total pressure of 2 mTorr. The 2D diffractograms show only rather sharp (00l) peaks from the AgFeO 2 phase and no background from amorphous phases. When the Ag target power was increased to 18 W, more amorphous material is formed, shown in Fig. 4b . This is because a too high deposition rate of Ag results in film compositions far away from the stoichiometric Ag/Fe ratio of one, especially on the Ag rich side, shown in Fig. 4c . On the Fe-rich side, the Ag/Fe ratio decreased to 0.7, and the delafossite peaks were much higher and sharper than that on the Ag-rich side. However, there is strong background, which is attributed to the residual amorphous iron oxide. Consequently, a pressure of 4 mTorr using a Ag power of 15 W and a pulse frequency of 150 kHz gives high quality films. In general, deposition rate and the portions of high energetic sputtered target particles decrease with increased pressure because of the collisions between the particles and Ar. Another important influence of total pressure when oxygen presents is that the amount of negative oxygen ions, which are formed at the target surface and subsequently accelerated with the full target potential towards the substrate, can be reduced due to the multiple collisions between the oxygen ions and Ar. However, improved quality observed at 4 mTorr is probably also due to higher O 2 partial pressure.
The hysteresis curves of the Fe and Ag target in the specific conditions (Ag:15 W, 150 kHz; Fe: 120 W; total pressure: 4 mTorr) show that the Fe target was poisoned starting at 0.5 mTorr of the O 2 partial pressures, however, between 0.5-1.0 mTorr, the Ag target was not completely oxidized. As shown in Fig. 5a , the Ag/Fe ratio increased by increasing O 2 partial pressure, especially on the Ag-rich side. It climbed rapidly to 3.5 at 1.0 mTorr from 1 at 0.8 mTorr. It was shown that, at total pressure of 4 mTorr, 0.5 mTorr of O 2 partial pressure was not enough to form AgFeO 2 , since the Ag/Fe ratio was too low (0.2-0.5). The peaks observed in the XRD map were only iron oxides and Ag, as shown in Fig. 5b . When the O 2 partial pressure increased to 0.8 mTorr, only delafossite (00l) peaks were observed in the XRD map, as shown in Fig. 5c . This 2D XRD plot is identical to Fig. 4a . No peaks from other phases or any background intensity was observed suggesting that this is a more or less phase-pure film. When the O 2 partial pressure was further increased to 1.0 mTorr, the intensity of the delafossite (00l) peaks decreased and strong background intensity was observed again, shown in Fig. 5d . This is because that too much Ag particles disturb the formation of crystalline structure. This can be seen in Fig. 5a that the Ag/Fe ratio at the Ag-rich side reaches N 3. Although the Ag/Fe ratio at Fe-rich side is close to one, there is strong background indicating that an amorphous phase exists here. The reason for this is that the higher partial pressure of O 2 (1 mTorr) will result in generation of more negative oxygen ions with high kinetic energy, which is detrimental to the formation of crystalline structure.
In order to form stoichiometric AgFeO 2 thin film with delafossite structure, it is important to balance the deposition rates of the Ag target and the Fe target to obtain a Ag/Fe ratio of one. However, although the composition ratio of Ag/Fe in the film is equal to one, other phases can be formed as well. This can be seen in Figs. 4c and 5c ) where amorphous phases (pink background intensity) are formed together with the delafossite phase. It is likely that the amorphous phases consist of iron oxides and/or silver oxides. This indicates that the formation of crystalline AgFeO 2 structure is a complex process. The arriving atoms of Ag, Fe and O on the substrate should find the proper condition to form a thin film with a particular composition and crystalline structure. First, the numbers of the Ag and Fe particles should be same. The correct composition ratio of Ag/Fe is necessary to form stoichiometric AgFeO 2 but it is not sufficient. Even if the Ag/Fe ratio is close to one, the materials could consist of silver oxide and iron oxide in crystalline or amorphous phases. It is therefore equally important that the energy is appropriate for the particles to diffuse on the substrate and have enough time allowing them to settle down in the correct position to form the rather complex crystalline structure of the delafossites. The energy that provides the particles necessary' mobility to form crystalline structure is the temperature of the substrate and/or the kinetic energy of the incoming particles. High substrate temperature is favorable for the surface mobility of the particles, which may be beneficial to form crystalline structure in an optimal temperature range. However, too high temperature could result in decomposition of Ag-based oxides. Another part of the energy is related to the incoming kinetic energy of the arriving particles. Too high kinetic energy may damage the growing film while too low energy will not promote the surface mobility necessary for crystalline film growth. Both the deposition rate and energy of arriving particles are strongly dependent on the sputtering process parameters. From the results in Figs. 1-5 , it can be concluded, that the optimum condition for the formation of single-phase and textured AgFeO 2 films in our deposition system was a deposition temperature of 450°C, 15 W power using a pulse frequency of 150 kHz on the Ag target and a constant power of 120 W on the target Fe and 4 mTorr of total pressure and O 2 pressure of 0.8 mTorr. It is obvious that these conditions may be somewhat different in another deposition system but the results shown here illustrate the strength and time-reducing effect of a combinatorial approach to optimize a complex sputtering process.
Structural characterization of the AgFeO 2 films
From the XRD results, two films were selected for further examination with SEM and TEM. The two films were located on the position of −20 mm on the wafers shown in Fig. 4a) and d) , respectively. The deposition parameters of these two samples are summarized in Table 2 . Sample A was prepared using lower Ag power (9 W), lower total pressure (2 mTorr) and O 2 partial pressure (0.5 mTorr), while sample B was prepared using 15 W of Ag power, 4 mTorr of total pressure and 0.8 mTorr of O 2 partial pressure. Sample A represents a film with clear (00l) peaks from the AgFeO 2 phase but also a strong amorphous background. In contrast, sample B represents a film with sharp (00l) peaks and no background intensity from an amorphous phase. The SEM images shown in Fig. 6 illustrate the morphology of the two best AgFeO 2 films. The XRD diffractograms of these two samples showing the (00l) peaks are inserted, respectively. Poor crystalline morphology was found on the surface of sample A in the SEM image as shown in Fig. 6a , although the XRD result indicated the existence of the crystalline AgFeO 2 phase but also together with a small amount of amorphous phase of unknown composition. In contrast, well-crystallized flaky features with size of approximately 200 nm can be seen clearly on the surface of sample B, as shown in Fig. 6b . Comparing with the XRD result of sample A, the delafossite AgFeO 2 peaks from sample B were much sharper and stronger. The intensity of the strongest peak (004) was approximately 25 times higher and the FWHM was reduced by approximately 3 times from 0.6°in sample A to 0.2°in sample B. Furthermore, no background intensity was observed in sample B. An important observation was that the AgFeO 2 films were very sensitive towards radiation damage when imaged in SEM at high magnifications. After prolonged exposure of the electron beam small particles starts to appear on the surface. Most likely, these particles are Ag nanocrystals formed by O-Ag-O bond breaking during electron beam exposure.
The energy filtered TEM mapping, shown in Fig. 7a ) confirmed that sample A consisted of two phases. A crystalline phase colored with olive green in Fig. 7a ) which was identified as c-axis oriented AgFeO 2 and an amorphous phase colored with magenta. The EELS analysis of this phase showed that it consisted of Fe 3+ and O. In the following this phase will be described as amorphous Fe 2 O 3 . The high resolution TEM image of sample A, shown in Fig. 7b ), illustrates the (00l) texture of AgFeO 2 structure but rotated in-plane. Since the AgFeO 2 peaks from 2H-and 3R-phase overlap, it is difficult to confirm our c-axis oriented thin film in sample A to be 2H-or 3R-phase from TEM results. The (004) signals showed highest intensity both in TEM diffraction and Xray diffraction, therefore the layers shown in the HR-TEM image should be (004) plan. The plane spacing was 0.314 nm, which is in agreement with the previously reported d-spacing as 0.3100 nm of the (004) plane of 2H-AgFeO 2 [29] . A surprising observation in Fig. 7a ) is that the amorphous phase exhibits a spider web-like distribution separated by c-axis oriented AgFeO 2 . The AgFeO 2 phase grows with a strong c-axis orientation on top of the amorphous phase but the growth is interrupted by formation of amorphous Fe 2 O 3 . After a while, the delafossite phase renucleates on the amorphous phase again giving rise to the special microstructure observed in Fig. 7a ). The result suggests that c-axis oriented deposition of AgFeO 2 is not controlled by epitaxial relationships towards the substrate but more likely due to growth conditions on the film surface. Hence, it is expected that c-axis oriented films also can be deposited on a wide range of crystalline and amorphous substrates. Fig . 6 . SEM images of a) sample A, and b) sample B. The XRD diffractograms were inserted respectively.
Sample B is expected to be a more or less single-phase AgFeO 2 film. This was confirmed by the energy filtered TEM mapping which shows that the oriented AgFeO 2 phase appears throughout the entire film, as shown in Fig. 7c) . No large amorphous regions were observed but a very thin iron oxide layer can be seen between Si substrate and AgFeO 2 film. A high resolution STEM image with Z-contrast clearly shows the layered structure of the AgFeO 2 -phase, shown in Fig. 7d) . The spacing between two neighbored Ag layers was measured as 0.61 nm. This is almost double size of d-spacing of (004) plane with 2H hexagonal structure, which is logical since the d-spacing of (004) is a distance between a Ag and Fe layer. Small precipitates of Ag nanoparticles can be seen inside the film. They increase in amount and size with time but are not observed in the XRD and we therefore attribute them to preparation damage and electron beam damage during the TEM analysis. This is similar to the Ag particle formation observed during SEM and illustrates the sensitivity of the AgFeO 2 delafossite phase to electron beams.
To determine the phase structure of the highly c-axis oriented AgFeO 2 thin film, a pole figure measurement was carried out on sample B. The pole figure in Fig. 8 shows a ring located at around 78°from the center, although the ring is not perfectly symmetric but has a shift around 4°in one direction. This is due to the cut-off angle of the Si substrate surface. The 2θ was fixed as 34.8°, which corresponds to the (101) peak in the 2H-AgFeO 2 phase. It should be noted that the (101) peak in the 3R-phase is located at 34.4°, which is very close to the one in 2H-phase. The plane angle between the (101) plane and (00l) plane in 2H-phase is around 78°, while, it is around 82°in the 3R-phase. The highest intensity of the ring locates at 78°indicates that the 2H-phase dominates in the AgFeO 2 thin film. Since the peaks overlap in the two phases and the plane angles are also very close, we cannot exclude the possibility of the presence of a minor amount of the 3R-AgFeO 2 phase. Furthermore, the presence of a ring without clear point reflections suggests a rather random orientation in-plane of c-axis oriented AgFeO 2 domains.
To the best of our knowledge, there is no published Raman spectrum on 2H-AgFeO 2 materials. Fig. 9 shows the Raman spectra of the sample, which was characterized by XRD map in Fig. 5c .The wafer from this experiment has very strong and sharp diffraction peaks at the more Agrich part up to about 0 mm and identified as mainly c-axis oriented 2H-AgFeO 2 using TEM and XRD. In the Fe-rich part, the peaks become broader and less intense suggesting a less good quality of the delafossite film. The Raman spectra in Fig. 9 show three clear peaks at 350 cm , and 704 cm −1 in the Ag-rich part of the wafer. The intensities of these peaks are reduced in the more Fe-rich part of the wafer. By comparing the XRD and Raman results we conclude that the three peaks Raman peaks in Fig. 9 can be attributed to the AgFeO 2 phase. To the best of our knowledge, there is no published Raman investigation on 2H-AgFeO 2 but a Raman study on 3R-AgFeO 2 powder showed two peaks at~345 cm −1 (E g ) and~638 cm −1 (A 1g ), respectively [37] . The E g mode corresponds to vibrations in the perpendicular direction to the c-axis, whereas the movement in the direction along the c-axis is represented by A 1g mode. According to theoretical factor-group analysis, instead of only two Raman active modes (E g and A 1g ) in R 3 m space group, more Raman active modes can be presented in space group of P6 3 /mmc, e.g. E 1g , E 2g , and A 1g [38, 39] . Therefore, the observed peaks at 350 cm
, 642 cm
, and 704 cm −1 are classified as E 1g , E 2g , and A 1g modes, respectively. Since a Raman spectra acquired from an amorphous iron oxide film (not shown here) was total different compared to the Raman spectra from the AgFeO 2 film, we can exclude that the peaks shown in Fig. 9 originated from the thin layer of iron oxide at the film/substrate interface. Finally, it should be noted that the sharp peak at 521 cm −1 , which can be observed on the entire wafer,
originates from the Si substrate.
Optical and electrical properties of the AgFeO 2 films
The optical and electrical properties were investigated on the films deposited on quartz glass substrate, which XRD results showed similar c-axis oriented AgFeO 2 structure as the thin film deposited on Si substrate, shown in Fig. 6b . The optical absorbance of the AgFeO 2 thin film in the range of 0.5-4.2 eV is shown in Fig. 10a ), which is calculated from the measured transmittance and reflectance spectra in the visible and near-infrared region, shown as inset. The wavelength (nm) can transfer to energy with unit of eV using the following relation: E g = 1240/λ (wavelength in nm). It can be seen that the AgFeO 2 thin film starts to absorb lights at around 1.7 eV, and above that, the absorbance starts to increase sharply to higher than 50%. This indicates an optical band gap near the region of 1.7 eV. The band gap of the indirect or direct transition can be determined by a plot of (αhv) n versus hv if extrapolated down the linear portion of the plot to zero, where n = 1/2 for an indirect allowed transition, and n = 2 for an direct allowed transition. The absorption coefficient (α) can be determined according to transmittance (T) and reflectance (R) measurement [3] :
where d is the film thickness with unit nm. Here, the quartz substrate showed negligible low absorbance from the measurement. It should be noted that the band gap deduced by optical properties is very dependent on the scaling. The obtained band gap could have deviations. It can be seen from Fig. 10b ) that the indirect band gap was approximately 1.7 ± 0.1 eV, which is similar as the calculated data (1.9 eV) reported by Ong et al. [40] . There is a discontinuous region for the indirect plot around 1.4 eV, which is due to changing grating during the optical measurements. This is also can be observed in the optical properties shown in Fig. 10a) . A band gap of direct transition can be obtained at 2.5 eV, as shown in the plot of (αhv) 2 versus hv. However, the value can deviate from 2.4 to 2.6 depending on how to choose the linear region of the plot. Since there is no report on the band gap of direct transition of AgFeO 2 by neither theoretical nor experimental approach, it is only possible to compare our results with CuFeO 2 . The experimental optical band gaps for CuFeO 2 are 1.15 eV (indirect band gap), 2.03 eV (direct band gap). The optical band gaps of AgFeO 2 are larger than those of CuFeO 2 , which is consistence with the data reported by Ong et al. [40, 41] . The electrical resistivity of the AgFeO 2 film deposited on a quartz substrate was too high to measure by our four-point probe equipment. The theoretical study on the electric structure of AgFeO 2 by Ong et al. also revealed it is insulator [40] . Rogers et al. reported a high anisotropy in electrical conductivity for most delafossites [5] . For AgFeO 2 , the room temperature parallel resistivity ρ s∥c was 2 × 10 8 Ω-cm, which suggests a sheet resistance of approximately 2 × 10 15 Ω/sq. The perpendicular resistivity ρ s ⊥ c was 3 × 10 7 Ω-cm, suggesting a sheet resistance of 3 × 10 12 Ω/sq. Both of the values are out of the measuring range of our four-point probe equipment.
Conclusion
In this work, we demonstrate the combinatorial deposition of delafossite AgFeO 2 thin films by magnetron sputtering from elemental silver and iron targets in reactive Ar-O 2 mixture atmosphere, where gradient films with a wide composition range are deposited on single wafers. Rapid screenings of XRD and XRF were employed to determine the phase-and chemical composition of the thin films. The most interesting parts of the materials were studied by TEM, SEM and Raman. Optical and electrical properties of the optimal AgFeO 2 thin film have also been investigated. The results showed that the AgFeO 2 thin film has been successfully deposited by the combinatorial reactive sputtering without postannealing. However, process window for the growth of single-phase AgFeO 2 thin film with delafossite structure is very narrow and strongly dependent on deposition temperature, pulse frequency, sputtering power, O 2 partial pressure, total pressure, etc. In many cases, amorphous phases and Ag particles are easily formed. The optimum condition for the formation of single-phase AgFeO 2 films in our deposition system was a deposition temperature of 450°C and a total pressure of 4 mTorr, O 2 pressure of 0.8 mTorr, Ag power of 15 W using a pulsing frequency of 150 kHz, Fe power of 120 W and no pulsing. Comparison with samples prepared without pulsing on the Ag target showed a less good quality. It is clear that the optimum process condition for AgFeO 2 growth is slightly dependent on the deposition system. The major objective with our study, however, is to demonstrate the strength of a combinatorial approach to rapidly and efficiently identify suitable process parameters for a compound with narrow deposition window. The XRD and TEM results show (00l) texture of the AgFeO 2 thin films. The SEM image of the best AgFeO 2 film shows well-crystallized flaky features. Three Raman modes in the AgFeO 2 thin film were observed at 350 cm . The pole figure measurement indicates that our best films mainly consists of 2H-AgFeO 2 but the possibility of mixture of small amounts of the 3R-phase cannot be excluded. A problem with the characterization of the films was their sensitivity towards electron beam irradiation. Prolonged SEM and TEM analysis clearly showed an increase formation of Ag nanoparticles which can be assigned to O-Ag-O bond breaking and illustrates the low stability of the AgFeO 2 phase. The optical band gap for the indirect transition in the AgFeO 2 film is estimated at 1.7 ± 0.1 eV, and the band gap for the direct transition is 2.5 ± 0.1 eV. The film was an electrical insulator but it can, most likely, easily be doped to increase the conductivity. We propose that the combinatorial approach demonstrated in this study can be used on wide range of delafossite phases to optimize process conditions for various applications.
